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Description 



METHOD AND CIRCUIT FOR TESTING A 
REGULATED POWER SUPPLY IN AN 
INTEGRATED CIRCUIT 

Background of Invention 
[° 001 ] FIELD OF THE INVENTION 

[0002] The present invention relates to the field of testing inte- 
grated circuits; more specifically, it relates to a method 
and circuit for testing regulated power supplies in inte- 
grated circuits. 

[0003] BACKGROUND OF THE INVENTION 

[0004] Modern integrated circuits can include the capability to 

regulate voltage domains in both analog and digital appli- 
cations. To date, the testing of the circuits generating 
regulated voltages in these applications has been limited. 
In analog applications, the regulated voltage generating 
circuit is often not directly tested and is considered 
"good" if the circuits it supplies function. In digital appli- 



cations, often the voltage at a single point in the power 
distribution network is measured, but with the logic cir- 
cuits inactive. 

[0005] These test methods do not insure that the regulated volt- 
age generating circuit has adequate current margin under 
operating conditions or, in the case of multiple voltage 
generating circuits, if one or more are not operating 
properly. 
Summary of Invention 

[0006] a first aspect of the present invention is a voltage regu- 
lated power supply test circuit comprising: a voltage reg- 
ulator electrically connected to at least one regulated volt- 
age node of a functional circuit of an integrated circuit 
chip; and means for selectively connecting between one of 
the at least one regulated voltage nodes and ground with 
at least one load circuit adapted to put an emulated cur- 
rent load of the functional circuit on the regulated voltage 
supply. 

[0007] a second aspect of the present invention is a method of 

testing a voltage regulated power supply comprising: pro- 
viding a voltage regulator electrically connected to at least 
one regulated voltage node of a functional circuit of an 
integrated circuit chip; and selectively connecting between 



one of the at least one regulated voltage nodes and 
ground with at least one load circuit adapted to put an 
emulated current load of the functional circuit on the reg- 
ulated voltage supply. 
Brief Description of Drawings 

[0008] The features of the invention are set forth in the ap- 
pended claims. The invention itself, however, will be best 
understood by reference to the following detailed descrip- 
tion of an illustrative embodiment when read in conjunc- 
tion with the accompanying drawings, wherein: 

[0009] FIG. 1 is a schematic diagram of a first embodiment of the 
present invention; 

[0010] FIG. 2 is a schematic diagram of a second embodiment of 
the present invention; 

[001 1] FIG. 3 is a schematic diagram of a power distribution net- 
work according to the second embodiment of the present 
invention; 

[0012] FIG. 4 is an exemplary layout view of an integrated circuit 
chip according to the second embodiment of the present 
invention; 

[0013] FIG. 5A is a schematic diagram of a first type of current 

sinking element according to the present invention; 
[0014] FIG. 5B is a schematic diagram of a second type of current 



sinking element according to the present invention; 

[0015] FIG. 5C is a schematic diagram of a third type of current 
sinking element according to the present invention; 

[0016] FIG. 6A is a schematic diagram of a first test data output 
element according to the present invention; 

[0017] FIG. 6B is a schematic diagram of an exemplary compres- 
sion logic circuit of FIG. 6A; and 

[0018] FIG. 7 is a schematic diagram of a second test data output 
element according to the present invention. 
Detailed Description 

[0019] FIG. 1 is schematic diagram of a first embodiment of the 
present invention. In FIG. 1, integrated circuit chip 100 in- 
cludes a regulated power supply 105, a "core" circuit 110 
having a multiplicity of inputs and outputs, and a current 
sink 115. The purpose of current sink 115 is to emulate 
current loading on voltage regulator 130 by core 110. 
Regulated power supply 105 includes a reference genera- 
tor 120 supplying a reference voltage (VREF) on a refer- 
ence voltage line 125 to a voltage regulator 130. Voltage 
regulator 130 supplies a regulated voltage (VREG) on a 
regulated voltage line 135 to core 110. Current sink 115 
is electrically connected between the VREG input in core 
110 and ground. Reference generator 120 and voltage 



regulator 130 are both electrically connected between a 
VCC source 140 and a clean ground source 145, which in 
one example, are supplied from off-chip. The mode (see 
infra) of reference generator 120 is controlled by a first 
control signal 150, the mode of voltage regulator 130 is 
controlled by a second control signal 155 and current sink 
115 is electrically connected or disconnected from be- 
tween the VREG input of core 110 and ground by a third 
control signal 160. Third control signal 160 may also be 
used to vary the amount of current sinking. Current sink 
115 is illustrated as a variable current sink, capable of 
sinking different amounts of current in response to third 
control signal 160, however, a current sink that sinks a 
fixed amount of current may be used. In a first example, 
first control signal 150, second control signal 155 and 
third control signal 160 are supplied from an off-chip 
tester and the first and second control signals are the 
same signal. In a second example, first control signal 150, 
second control signal 155 and third control signal 160 are 
supplied from a built-in self-test (BIST) circuit and the 
first and second control signals are the same signal. A 
monitor pad 165 may be electrically tapped into VREF 
along reference voltage line 135 in order to monitor the 



magnitude of the regulated voltage during testing of reg- 
ulated power supply 105. Physically the tap may be at the 
output of voltage regulator 130 or the input of core 1 10. 

[0020] VREF, supplied by reference generator 120, is a very pre- 
cise voltage in that the reference generator is insensitive 
to temperature, input voltage fluctuations and semicon- 
ductor process variations such as doping levels and 
linewidth that affect transistor parametrics. Voltage regu- 
lator 130 is a unity gain buffer that replicates the voltage 
value of VREF in VREG. Reference generator 120 generally 
cannot provide a large amount of current, however volt- 
age regulator 130 can provide a large amount of current. 
In applications where precise control of voltage levels is 
not required, reference generator 120 may be omitted. 
Examples of VCC voltages include values in the range of 
about 2.3 to 2.6 volts. Examples of VREG voltages include 
values in the range of about 1.0 to 1.5 volts. 

[0021] | n normal operational mode, regulated power supply 105 
is on, core 110 is in functional mode and current sink 115 
is electrically disconnected from between the VREG input 
of core 110 and ground, however the core itself is always 
electrically coupled to ground. In test mode, core 110 is 
placed in a quiescent state in order to simplify clock and 



input setup/stimulus and to minimize currents native to 
the operation of the core, reference generator 120 and 
reference regulator 130 are turned on, current sink 115 is 
electrically connected between the VREG input of core 110 
and ground and the voltage on monitor pad 165 is mea- 
sured. In the case of a variable current current sink, the 
load may be varied to check the current guardband of 
regulated power supply 105 or for yield sorting. Control 
signal 160 may be provided from any number of well- 
known tester-driven current reference techniques or by 
tester control of a reference/current digital to analog con- 
verter (DAC) system. 
[0022] while FIG. 1 is illustrated for a single core, in practice, 

more than one core may be supplied from the same regu- 
lated power supply and there may be multiple instances of 
regulated power supply/core combinations. Also, the term 
"voltage-island" may be substituted for the term "core." 
Although cores and voltage islands are not strictly identi- 
cal in that generally a voltage-island fences input and 
output signals (stores the state of the voltage-island prior 
to shutdown so it can be restored) when it is turned on 
and off, the present invention is equally applicable to in- 
tegrated circuit chips containing voltage-islands and for 



testing regulated power supplies supplying power to volt- 
age islands. 

[0023] FIG. 2 is a schematic diagram of a second embodiment of 
the present invention. In FIG. 2, integrated circuit chip 200 
includes a regulated power supply 205, a power distribu- 
tion network circuit 210 and a current sink 115. The pur- 
pose of current sink 115 is to emulate current loading on 
voltage regulator 230 by functional circuits electrically 
connected to power distribution network 210. Regulated 
power supply 205 includes a reference generator 220 
supplying VREF on a reference voltage line 225 to a multi- 
plicity of voltage regulators 230. Voltage regulators 230 
supply the same regulated VREG thru regulated voltage 
lines 235 to various nodes (see FIG. 3 and description 
infra) of power distribution network 210. Current sink 115 
is electrically connected between a VREG node of power 
distribution network 210 (see FIG. 3 and description infra) 
and ground. Reference generator 220 and voltage regula- 
tors 230 are all electrically connected between a VCC 
source 240 and a ground source 245 (which may be a 
clean ground or the common integrated circuit chip 200 
ground), which in one example, are supplied from off- 
chip. The mode (see supra) of reference generator 220 is 



controlled by a first control signal 250, the mode of volt- 
age regulators 230 are controlled by a second control sig- 
nal 255 and current sink 115 is electrically connected or 
disconnected from between a VREG node of power distri- 
bution network 210 and ground (see FIG. 3 and descrip- 
tion infra) by a third control signal 260. Third control sig- 
nal 260 may also be used to vary the amount of current 
sinking. Current sink 115 is illustrated as a variable cur- 
rent sink, capable of sinking different amounts of current 
in response to third control signal 260, however a current 
sink that sinks a fixed amount of current may be used. In 
a first example, first control signal 250, second control 
signal 255 and third control signal 260 are supplied from 
an off-chip tester and the first and second control signals 
are the same signal. In a second example, first control 
signal 250, second control signal 255 and third control 
signal 260 are supplied from a built-in self-test (BIST) cir- 
cuit and the first and second control signals are the same 
signal. A multiplicity of monitor pads 265 are electrically 
tapped into VREG nodes (see FIG. 3 and description infra) 
of power distribution network 210 in order to monitor the 
magnitude of the regulated voltage during testing of reg- 
ulated power supply 205. Alternatively a single monitor 



pad 265 may be coupled to a test output element as illus- 
trated in FIGs. 6A and 7 and described infra. Physically the 
taps may be at the output of voltage regulators 230, at 
VREG nodes (see FIG. 3 and description infra) of power 
distribution network 210 or a combination of both. 

[0024] VREF, supplied by reference generator 220, is a very pre- 
cise voltage in that the reference generator is insensitive 
to temperature, input voltage fluctuations and semicon- 
ductor process variations such as doping levels and 
linewidth that affect transistor parametrics. Voltage regu- 
lator 230 is a unity gain buffer that replicates the voltage 
value of VREF in VREG. Reference generator 220 generally 
cannot provide a large amount of current, however volt- 
age regulator 230 can provide a large amount of current. 
Since all voltage regulators 230 should produce the same 
voltage, reference generator 220 may be omitted as long 
as all the voltage regulators share some other common 
reference voltage source. 

[0025] | n normal operational mode, regulated power supply 205 
is on, circuits coupled to power distribution network 210 
are in functional mode and current sink 115 is electrically 
disconnected from between a VREG node (see FIG. 3 and 
description infra) of power distribution network 210 and 



ground. In test mode, distribution network 210 is placed 
in a quiescent state in order to simplify clock and input 
setup/stimulus and to minimize currents native to the op- 
eration of the distribution network, reference generator 
220 and reference regulator 230 are turned on, current 
sink 115 is electrically connected between a VREG node 
(see FIG. 3 and description infra) of distribution network 
210 and ground and the voltages on monitor pads 265 
are measured. Control signal 260 may be provided from 
any number of well-known tester-driven current reference 
techniques or by tester control of a reference/current dig- 
ital to analog converter (DAC) system. 
[0026] FIG. 3 is a schematic diagram of power distribution net- 
work 210 according to the second embodiment of the 
present invention. In FIG. 3, a VREG node network 270 
comprises a multiplicity of VREG nodes 275 coupled into a 
grid by wires 280. Wires 280 are shown as resistors, but it 
should be kept in mind, that wires 280 have capacitive 
and inductive components as well as a resistive compo- 
nent. A ground node network 285 comprises a multiplicity 
of ground nodes 290 coupled into a grid by wires 295. 
Wires 295 are shown as resistors, but it should be kept in 
mind, that wires 295 have capacitive and inductive com- 



ponents as well as a resistive component. Electrically con- 
nected between selected VREC nodes 275 and selected 
ground nodes 290 are a multiplicity of circuits 300. Cir- 
cuits 300 are illustrated as resistors to model their aver- 
age current consumption during functional switching, 
however, it is understood that circuits have capacitive, in- 
ductive as well as resistive components. Although the ma- 
jority of charge transfer within any circuit is due to the se- 
quential charging and discharging of internal and output 
capacitances, the average of a circuit's transfer over time 
may be represented as a DC resistive load. A multiplicity 
of monitor pads 265 (which may be internal points in the 
chip) are coupled to selected VREG nodes 275. Not every 
VREG node 275 need be coupled to a monitor pad 265. A 
first current sink 115A controlled by a control signal 260A 
is coupled between one of VREC node 275 and one of 
ground nodes 290. A second current sink 115B controlled 
by a control signal 260B is coupled between one different 
VREG node 275 and one different ground nodes 290. 
More or less current sinks 115 may be employed and con- 
trol signals 260A and 260B may or may not be the same 
signal. 

[0027] FIG. 4 is an exemplary layout view of integrated circuit 



chip 200 according to the second embodiment of the 
present invention. In FIG. 4, integrated circuit chip 200, 
includes a multiplicity of voltage regulators 220 arranged 
along a perimeter 305 of the chip and a reference genera- 
tor 230. All voltage regulators 230 are supplied with VREF 
from a common reference voltage line 225. Each voltage 
regulator 230 is coupled to a different VREG node 275 on 
VREG node network 270. The complimentary ground node 
network (285 in FIG. 3) is not illustrated in FIG. 4. 

[0028] FIG. 5A is a schematic diagram of a first type of current 

sinking element 115 according to the present invention. In 
FIG. 5A, control signal 160/260 is applied to the gate of 
NFET Tl, VREG is applied to drain of NFET Tl. A fixed re- 
sistor 310 sized to carry a specified amount of current at 
a targeted value of VREF is connected between the source 
of NFET Tl and ground. When control signal 160/260 is 
high (test mode), NFET Tl is on and VREG is shorted to 
ground and current flows through resistor 310. When 
control signal 160/260 is low (functional mode), NFET Tl 
is off and no current flows through resistor 310. 

[0029] FIG. 5B is a schematic diagram of a second type of current 
sinking element 115 according to the present invention. 
The circuit of FIG. 5B is a current mirror. In FIG. 5B, con- 



trol signal 160/260 (digital in this case) is applied to a 
DAC 315. The output of DAC 315 is coupled to the gates 
of NFET T2 and T3 and the drain of NFET T2. VREG is ap- 
plied to drain of NFET T3. The sources of NFETS T2 and T3 
are coupled to ground. NFETT3 is the mirroring element 
and NFET T2 is the mirrored element of the circuit of FIG. 
5B. NFETT3 has a different channel width (W2) than NFET 
T2 (Wl), so NFETT3 will carry more or less current than 
NFET T2 in proportion to the ratio (W2/W1) with W2 scaled 
to be in proportion to the desired load current and the 
number of load mirrors implemented. When control signal 
160/260 is set for test mode, NFETs T2 and T3 are on and 
VREG is shorted to ground and current from the VREG 
supply flows through resistor NFETT3. When control sig- 
nal 160/260 is set for functional mode, NFETs T2 and T3 
are off and no current flows through NFETs T2 and T3. 
DAC 315 allows different currents to be selected in test 
mode based on the bits in control signal 160/260. DAC 
315 may be eliminated in favor of a single-value on-chip 
controllable current source or alternatively, the reference 
current may be provided for by the tester. 
[0030] FIG. 5C is a schematic diagram of a third type of current 
sinking element 115 according to the present invention. 



The circuit in FIG. 5C is a current mirror with the added 
capability of sinking current at different voltage on/off 
patterns or different duty cycles. In FIG. 5C, control signal 
160/260 is coupled to the drain of NFET T4 and the gates 
of NFETs T4, T6, T8 and T10. The sources of NFETs 14, 
16, T8 and T10 are coupled to ground. The drain of NFET 
T6 is coupled to the source of NFET T5, the drain of NFET 
T8 is coupled to the source of NFET T7 and the drain of 
NFET T10 is coupled to the source of NFET T9. The drains 
of NFETS T5, T7 and T9 are coupled to VREF. The gate of 
NFET T5 is coupled to a voltage source VX that may be 
turned on or off in test mode and is off in functional 
mode. The operation of NFETs T4, T6, T8 and T10 in a 
current mirror is similar to that of the circuit in FIG. 5B 
described supra. However, NFETs T5, T7 and T9 function 
as pass gates. When a pulsed control signal 320A is ap- 
plied to the gate of NFET 17 the current flowing between 
VREG and ground will vary synchronously with control sig- 
nal 320A. If VX is high the NFET T7/T8 current variation 
will be superimposed on top of the NFET T5/T6 current 
flow. When a pulsed control signal 320B is applied to the 
gate of NFET T9 the current flowing between VREG and 
ground will vary synchronously with control signal 320B. If 



VX is high the NFET T9/T10 current variation will be su- 
perimposed on top of the NFET T5/T6 current flow. It is 
also possible to have all three current flows e.g. NFET 
T5/T6, NFET T7/T8 and NFET T9/T10 superimposed. Any 
number of additional current flow NFET transistor pairs 
may be added to the circuit of FIG. 5C. In addition, NFET 
T5 may be replaced by a short circuit in applications 
where NFETT5 will always be on in test mode and the 
mirror is not sourced in functional mode. 
[0031] until this point, we have been concerned with generating 
a regulated voltage in test mode that is coupled to a mon- 
itor point or pad. We will now turn to collecting voltage 
readings from these monitor points/pads. The circuits il- 
lustrated in FIGs. 6A, 6B and 7 are described as applied to 
the second embodiment of the present invention but are 
applicable to the first embodiment of the present inven- 
tion as well, but substituting core VREG input for VREG 
node. 

[0032] FIG. 6A is a schematic diagram of a first test data output 
element according to the present invention. In FIG. 6A, 
each VREG node 275 is coupled to a first input of a volt- 
age comparitor 325. A second input of each voltage com- 
paritor 325 is coupled to a stable reference voltage VSTAB 



that generally has the same voltage value as the target 
VREG. Voltage comparitors 325 produce a logical signal 
based on whether the measured VREG voltage is greater 
than, less than or within selected limits of VSTAB. The 
outputs of all comparitors 325 are coupled to compres- 
sion logic 330, the output of which is coupled to a moni- 
tor pad 265, which reduces I/O pad for test requirements. 

[0033] FIG. 6B is a schematic diagram of an exemplary compres- 
sion logic circuit of FIG. 6A. In FIG. 6B compression logic 
330 is essentially a NOR gate. In FIG. 6A, NFET T14 is 
used to precharge monitor output pad 265 high by plac- 
ing a low on the gate of PFET T14 and then placing a high 
on the gate. In some applications, PFETT14 may be a 
weak (small) PFET sized such that when any NFET 11, 12 
or 13 turns on, voltage at monitor pad 265 is read as a 
low value. The gates of NFETs Til, T12 and T13 are cou- 
pled to respective voltage comparitor outputs. If any volt- 
age comparitor output is high, then monitor pad 265 is 
pulled low. If a high on a comparitor output indicates a 
fail, then a low on monitor pad 265 indicates a fail. 

[0034] FIG. 7 is a schematic diagram of a second test data output 
element according to the present invention. In FIG. 7, a 
test data reduction circuit 335 includes a multiplexer 340 



responsive to control signals 345 from a control state ma- 
chine 350. The inputs of multiplexer 340 are selected 
VREF nodes 275 and the output of the multiplexer is cou- 
pled to the analog input of analog to digital converter 
(ADC) 355. ADC 355 is responsive to a digital control sig- 
nal 360 from control state machine 350. The digital out- 
put of ADC 355 is a multi-bit word applied across a mul- 
tiplicity of monitor pads 265. Alternatively, the digital 
output of ADC 355 is applied to a compressed storage 
circuit 365 responsive to a control signal 370 from control 
state machine 350. The output of compressed storage cir- 
cuit 365 is a high/low signal 375 applied to a single mon- 
itor pad 265. 

[0035] jhe description of the embodiments of the present inven- 
tion is given above for the understanding of the present 
invention. It will be understood that the invention is not 
limited to the particular embodiments described herein, 
but is capable of various modifications, rearrangements 
and substitutions as will now become apparent to those 
skilled in the art without departing from the scope of the 
invention. Therefore, it is intended that the following 
claims cover all such modifications and changes as fall 
within the true spirit and scope of the invention. 



